Introduction
The concept of personalized medicine is not really new, but it has been receiving increasing attention in recent years in drug regulation and medical guidelines. In an article appearing in this issue of the European Journal of Clinical Pharmacology, Benitez et al. refer to the famous Canadian physician Sir William Osler, whose lifetime work in the 19th century was dedicated towards benefitting the patient as an individual through his goal to make the correct disease diagnosis and the right choice and dose of drugs. However, the introduction of evidence-based medicine and the development of standards of care based on large epidemiological studies of well-defined cohorts significantly altered the strategy to optimize medical practice. By definition, in any analysis of strictly standardized cohorts in clinical trials, individual differences have to be ignored.
With the deciphering of the human genome, high expectations of an individualized approach to medical practice were once again raised, based on the anticipation that information on genetic variability would rapidly contribute to the development of diagnostic tools aimed at avoiding drug side effects or identifying genetic markers that would predict therapy response. As a consequence, the discipline of pharmacogenetics developed rapidly and contributed significantly to an increased understanding of interindividual differences in drug therapy response, particularly in pharmacokinetics and, to some extent, pharmacodynamics. This development has caused Benitez et al. to raise the question of whether therapeutic drug (TDM) monitoring, an accepted tool to monitor drug bioavailability, has been replaced completely by pharmacogenetic testing.
With regret, these early expectations of being able to predict drug therapy response solely by identifying genetic markers have been exaggerated in some cases and remained unfulfilled in others. Therefore, the answer to the question may be simple: genetics cannot completely predict an individual's phenotype due to the additional contribution of epigenetic, endogenous and-last but not least-behavioural environmental factors. However, pharmacogenetics is able to add important information in many cases where TDM is inappropriate or not sufficient. In particular, pharmacogenomics has become indispensable in the treatment of malignant diseases, and there is increasing evidence of its value in many other areas of medicine.
Definition of personal medicine
The "Personalized Medicine Coalition" formed in 2005 [1] defines personalized medicine as "the application of genomic and molecular data to better target the delivery of health care, facilitate the discovery and clinical testing of new products, and help determine a person's predisposition to a particular disease or condition." Personalized medicine reflects different levels of variability, as can be exemplified best in the field oncology: (1) definition of disease on the molecular level, such as different types of leukaemia or over-expression of the her2/neu-receptor in breast cancer requiring specific therapies (e.g. application of trastuzumab); (2) somatic mutations occurring in tumour tissuefor example, cetuximab should only be used in colorectal cancer patients with the wildtype KRAS; (3) germline mutations influencing the pharmacokinetics of various drug, such as azathioprine, in childhood leukaemia or inflammatory bowel disease due to variants in UGT1A1 leading to a pronounced danger of myelotoxicity; (4) drug hypersensitivity due to variants in the HLA-system, exemplified in the case of the protease inhibitor abacavir; (5) epigenetic factors controlling gene expression; (6) environmental and behavioural factors. Therefore, personalized medicine encompasses more factors of variability than only genetics, which is most relevant to pharmacogenetics or pharmacogenomics.
Nevertheless, the significant value of pharmacogenetics is based on the fact that genetic material provides constant life-long information and is easy accessible. It was anticipated that research in pharmacogenetics would offer the opportunity to identify new drug targets and to adjust the individual required dosage of drugs already approved for clinical use [6, 13] .
Application of personal medicine in clinical practice
Can the promises of personalized medicine be fulfilled? Clinical pharmacologists have made major contributions to personalized medicine in terms of pharmacogenetics or careful observations of plasma drug concentrations. However, as outlined above, pharmacogenetics or TDM represent only parts personalized medicine. Therefore, I like to highlight three clinical indications for which the genetic make-up of the patient has been shown to affect the pharmacokinetics and dynamics of the drug therapy, ultimately leading to regulatory authorities changing drug guidelines and drug labels.
Hypersensitivity Pharmacogenetics may help to avoid severe adverse effects, such as skin hypersensitivity, as best exemplified for abacavir. Drug hypersensitivity can be defined as an inappropriate immune response that is associated with some degree of genetic background, mostly identified in the major histocompatibility complex [25] . This response cannot be predicted from the structure of the compound and is dose-independent. In 5% of abcavirtreated human immunodeficiency virus (HIV) patients, immunologically mediated severe skin damage occurs. In most cases, such a risk-benefit ratio is considered to be unacceptable by regulatory authorities, leading to withdrawal of the drug. In studies among Caucasians, 48-61% of patients experiencing this severe side effect had the MHC marker HLA-B*5701, while none of the HLA-B*5701-negative patients developed an immunological confirmed hypersensitivity reaction [17] . This risk-benefit ratio led regulatory agencies to change the abacavir drug labels in the USA and Europe, and HLA-B*5701 typing is now obligatory before abacavir therapy is launched. The change to the label has not only led to a lower frequency of hypersensitivity reactions, but also to increased use of the drug and, consequently, increasing sales rates, a major benefit to the manufacturer. Abacavir genetics-driven personal treatment is one of the best examples of personalized medicine outside the area of oncology.
Anticoagulation Thorough genome-wide association studies have revealed genetic markers of coronary artery disease with an over-all odds ratio of 1.2-1.3, thus providing some insight into the aetiology of this disease, but they are not currently in use for the selection or dose adaption in preventive medication [26] . However, in the prevention of thrombotic events with atrial fibrillation, the polymorphic cytochrome P450 2C9 (CYP2C9) protein is accepted as the rate-limiting drug-metabolizing enzyme of warfarin clearance and, to less extent, also to the clearance of alternative vitamin K antagonists, such as acenocoumarol and phenprocoumon. A prospective study addressing the question of whether a priori knowledge of CYP2C9 genotype may improve warfarin therapy demonstrated that patients who were treated applying a CYP2C9 genotype-adjusted algorithm reached a significantly earlier stable anticoagulation state and experienced less minor bleeding [3] than those who were not. Moreover, subjects who are carriers of variants in the vitamin K epoxide reductase complex, subunit 1 (VKORC1) gene require significantly higher warfarin doses than usually recommended [5, 30] . In order to estimate appropriate warfarin dosing, algorithms based on both clinical and genetic data obtained from a broad population base have been calculated in a large cohort, thereby achieving a better prediction of subjects requiring lower doses of warfarin for therapeutic anticoagulation [15] . These results were acknowledged by the Federal Drug Administration (FDA) in 2007 and updated in 2010, with the result that the drug label for warfarin was changed. This labeling change highlights the opportunity for healthcare providers to use genetic tests to improve their initial estimate of what is a reasonable warfarin dose for individual patients-although the test is not mandatory.
Oncology The best evidence of successful applications of personalized genetically based medicine has been found in the field of oncology. Our increasing knowledge of the etiology and molecular character of different types of malignancies as well as a better understanding of the mode of action and pharmacokinetics of anticancer drugs has led to a revolution in drug therapy regimens. In particular, the treatment of acute lymphoblastic leukemia has been substantially improved through the application of modern molecular diagnostics and the optimization of existing therapy regimens [9] . The consequent use of genomic information, however, has also led to a further significant step forward in terms of lower side effects and optimization of the clinical outcome [22] . Such information is used in designing treatments with anticancer drugs having a narrow therapeutic index. Genetic testing is recommended (but not required) for irinotecan, which is conjugated by the polymorphic UDPglucuronosyltransferase 1 [11] , and for azathioprine, detoxified by thiopurine methyltransferase [27] .
As mentioned above, in terms of genetic information, it is important to distinguish between germline and somatic mutations and chromosomal aberrations. For example, imatinib, targeted towards the characteristic BCR-ABL fusion protein, which is present in Philadelphia chromosomepositive cells, has become the standard therapy for chronic myeloic leukaemia (CML) [23] . Moreover, trastuzumab is only effective in breast cancer patients, exhibiting overexpression of the her2/neu receptor that mediates a broad cascade of tumour-promoting signals and significantly lowers the overall survival of the patient [24] . This and further information are considered in the current guidelines, and regulatory authorities have acknowledged a number of drugrelated genomic factors in tumours requiring specific testing prior to the selection of the appropriate therapy regimen (Table 1) . These approaches match perfectly the goal of personalized medicine.
Uncertain role of pharmacogenetics in personalized medicine
A large body of data are available from studies showing a strong correlation between genetic status and both pharmacokinetics and pharmacodynamics. However, results from studies on the contribution of genetics to therapeutic outcome have often been found to be non-reproducible, or data from prospective studies are lacking, as exemplified in the field of psychiatry. Antidepressant and antipsychotic drugs are widely subject to TDM since there is a large interindividual variability in plasma concentrations, partly due to the strong effect of the patient's genetic background based on individually different metabolic rates of cytochrome P4502D6 [14] . It was therefore anticipated that CYP2D6 would have severe consequences on the side effects and clinical outcomes of patients being treated without consideration of the metabolizer status. There is a large body of literature describing the consequences of CYP2D6 genotypes on the pharmacokinetics of antidepressants and neuroleptics. The clearance of most tricyclics evidently depend on CYP2D6 polymorphisms, and some studies have shown an overrepresentation of CYP2D6 poor metabolizers among patients reporting adverse events [16, 29] or of ultra-rapid metabolizers in cases in which the drug therapy has been ineffective [29, 31] . The kinetics has not yet been translated into clinical practice, and concern has been expressed as to whether any genotype-related adjustment of dosage can improve the clinical outcome in terms of clear psychometric measures or if relevant adverse events can be prevented [14] . There have been large retrospective trials on the susceptibility of depression and outcome measures, also in relation to genetic variants in the serotoninergic system [28] ; however, no genetic trait has been accepted as yet as a useful predictor of the therapeutic outcome in daily practice. As highlighted perfectly by Benitez et al., TDM of psychotropic drugs does not predict the clinical efficacy, although it does help to control compliance and toxicity. Consequently, taking into account the possibility of genetic variants contributing to pharmacokinetics may help the medical practitioner to determine the most appropriate dose to lower interindividual variability of plasma concentrations. There is a need to develop better algorithms in which gene-directed dosing are considered in addition to other physiological, behavioural and psychopathological parameters. The current approach to personalized medicine in psychiatry is relatively non-systematic way-sometimes based on TDM and only rarely based on genetic information. However, genome-wide association studies (GWAS) that consider well-defined psychometric phenotypes may provide further insight into the etiology of the disease and also help to identify genetic markers of treatment outcome [2] . Active discussions in the field of cardiology have also arisen with the observation that the pro-drug clopidogrel, which is used for platelet aggregation prophylaxis after coronary stent-implantation, among other applications, is activated by polymorphic CYP2C19-mediated oxidation and subsequent hydrolysis to its active derivative. Genotype-dependent clinical consequences for the risk of stent thrombosis have been shown recently [19] , and elevated enzyme activity in carriers of CYP2C19*17 is now known to be significantly associated with enhanced response to clopidogrel and a threefold increased bleeding risk. However, the CYP2C19 phenotype does not only depend on the genetic constitution of the patient; the activity of the enzyme can be inhibited by other drugs, such as the proton pump inhibitor omeprazol. Indeed, the consequences of drug interactions have been demonstrated in a large cohort of acute coronary syndrome patients receiving proton pump inhibitors concomitantly with clopidogrel [10] . Therefore, individual manifestations of clopidogrel resistance can be explained by both pharmacogenetics and drug interactions. Pharmacogenetic data is currently mentioned in the label, but it has only an informative character. In cases of clopidogrel resistance, the novel drug prasugrel an be used as an alternative as it is not significantly affected by CYP2C19 activity [20] .
Conclusion
Coming back to TDM, this sometimes dismissed diagnostic tool is still of high value whenever pharmacotherapy has to be controlled for compliance, the occurrence of side effects or treatment failure. It remains, in my opinion, an indispensable component of personalized medicine. However, as mentioned above, personalized medicine is widely considered to be the individualized use of genomic and molecular data, even though pharmacogenetics cannot completely replace TDM as an important diagnostic tool in the control of antidepressive, antipsychotic, anti-infective or immunosuppressant treatments.
Personalized medicine as defined by only its genomic and molecular components, however, is rapidly assuming an important role in various field of medicine, particularly in oncology, and has contributed to therapy regimens being clearly based on the characterization of genomic information. The presence of genomic markers, such as mutations in epidermal growth regulator factor (EGFR) or KRAS, may be decisive for the successful treatment of solid and non-solid malignancies, and such information is being increasingly recognized and implemented by regulatory authorities. There is also increasing evidence for the application of personalized medicine in immunological and/or inflammatory diseases [21] . Personalized medicine is actually becoming accepted in oncology much more quickly due both to the diversity and potentially lethal character of the disease and to the narrow therapeutic index and low benefit-risk ratio of the drugs used. Moreover, our increasing knowledge in epigenetics has led to a better understanding of the molecular background of tumour initiation and progression, particularly in haematological neoplasms [18] .
Regulatory authorities themselves have encouraged further clinical research on the practical relevance of pharmacogenomics [8] . As a consequence, a number of questions are emerging: Will the determination of genetic data always be accepted by physicians and patients? Who is authorized for genetic counselling and when is it necessary [7] ? Is personalized medicine more cost-effective [4] ? Personalized medicine is not necessarily a contradiction to standardized therapy-it is evidence-based medicine using genomic and molecular data to better target the delivery of healthcare to individuals. Therefore, it should be applied whenever evidence is available. However, to avoid hollow promises, more robust clinical prospective studies have to be performed to evaluate the cost-benefit ratio in terms of an individual patient's advantage.
